Plasma membrane glycoproteins from Diclyostelium discoideum amoebae at three stages of early development were digested with Pronase and endoglycosidase H and fractionated by gel fitration. This gave three classes of glycans (polysaccharides, endoglycosidase H-resistant glycopeptides, and endoglycosidase H-released oligosaccharides), which were tested for their ability to block agglutination of amoebae from vegetative, aggregation (8-hr), and late-aggregation (13-hr) stages of development. versa (4). At least one additional cohesion system appears during postaggregation development; antibodies that block aggregation-stage cohesion are not effective at later developmental stages, and antibodies that block cohesion in postaggregation amoebae are not effective for aggregation-or vegetative-stage amoebae (5-7).
opment were digested with Pronase and endoglycosidase H and fractionated by gel fitration. This gave three classes of glycans (polysaccharides, endoglycosidase H-resistant glycopeptides, and endoglycosidase H-released oligosaccharides), which were tested for their ability to block agglutination of amoebae from vegetative, aggregation (8-hr) , and late-aggregation (13-hr) stages of development. The endoglycosidase H-resistant glycopeptides from 8-hr cells inhibited agglutination of disaggregated 8-hr cells but not vegetative or 13-hr cells. The 8-hr polysaccharide and endo H-sensitive oligosaccharides did not inhibit. The glycopeptides from 8-hr cells were resolved into five species by electrophoresis in boratecontaining buffer. Two of these had agglutination-inhibiting activity, and three did not. None of the glycan fractions from vegetative or 13-hr cells inhibited agglutination of vegetative, 8-, or 13-hr cells. These data implicate specific cell surface glycans in aggregation-stage intercellular cohesion and suggest that both these glycans and receptors for them are developmentally regulated.
Dictyostelium discoideum has been a useful model for study of intercellular cohesion by virtue of its orderly and sequential expression of stage-specific cohesion systems during development (reviewed in refs. 1 and 2). When vegetatively growing amoebae are starved, within a few hours they begin to aggregate into multicellular masses. At the completion of aggregation, after about 13 hr of starvation, the multicellular mound begins reorganization to produce a migratory, sluglike pseudoplasmodium composed of the two precursor cell types (prestalk and prespore) that will generate the eventual fruiting body.
Cohesion between vegetative amoebae is blocked by EDTA, while cohesion between developing amoebae is EDTA resistant (3) . Serological studies have further refined this analysis. Antibodies that block cohesion between vegetative cells are not effective on aggregating amoebae and vice versa (4) . At least one additional cohesion system appears during postaggregation development; antibodies that block aggregation-stage cohesion are not effective at later developmental stages, and antibodies that block cohesion in postaggregation amoebae are not effective for aggregation-or vegetative-stage amoebae (5-7).
Isolation of the major antigens recognized by cohesionblocking antibodies has allowed identification of stagespecific glycoproteins, which are thus strongly implicated in intercellular cohesion (5, (8) (9) (10) . Since all are glycoproteins and since periodate treatment inactivates some of the antigens (11, 12) , one model for cohesion is that the sugar- 
MATERIALS AND METHODS
Cell Culture and Metabolic Labeling. D. discoideum strain AX-3 amoebae were grown at 22°C in shaken suspensions (120 rpm) in HL5 broth (13) or TGC broth (as for HL5 except with trypticase rather than thiotone peptone and supplemented with 0.45 g of cysteine and 0.4 g of glycine per 650 ml). Cells were harvested during exponential growth (5-8 x 106 cells per ml) by centrifugation at 500 x g for 5 min at room temperature and were washed in cold KPM buffer (16.7 mM potassium phosphate/2 mM MgSO4, pH 6.1). Amoebae dispersed on Nuclepore filters were metabolically labeled for 60 min with 100 ,Ci of 3H-labeled sugars (1 Ci = 37 GBq) at the appropriate developmental stage. All the above procedures were as previously described (14, 15 the cells were resuspended in 1 ml of KPM, with or without EDTA or a competitor glycan, and the suspension was agitated for 5 sec. The suspension was then quickly added to 9 ml of KPM, with or without EDTA, in a 25-ml Erlenmeyer flask. After a "zero-time" sample had been taken, the flask was placed on a Gyrotory shaker [New Brunswick G10, with 2-inch (50-mm) displacement, 120 rpm, 220C], and aliquots were removed for counting (by hemocytometer) at 10-min intervals.
Percent particles remaining is the number of singlet and doublet cells at each time point, divided by those at the zero time and multiplied by 100. Thus, 60% particles remaining means that 60%o of the cells were still as singlets and doublets and 40% were in agglutinates, which usually contained many cells.
Cell Equivalent Units. We do not know the cellular pools of precursor sugars, and, since they probably change during early development, radioactivity cannot be used as a comparative measure of numbers of glycan molecules. Therefore, the "unit" of glycans to be tested for inhibition of agglutination was based on cell equivalents. In contrast, none of the glycans from 0-hr cells inhibited agglutination of 0-hr cells ( Fig. 2A) , and the same was true for combinations of 13-hr cells and 13-hr glycan fractions (Fig. 2C) . Proc. Natl. Acad. Sci. USA 85 (1988) (Fig. 2B) .
The data in Fig. 2 suggest small stimulatory (B) or inhibitory (C) effects of the polysaccharide. These effects were not reproducible. That is, the small effect was suggested only once in a minimum of three different experiments. By contrast, the inhibition of agglutination of 8-hr cells by 8- (Fig. 1B) . Each band was eluted separately from the gel and tested for inhibition. The results are shown in Fig. 2D . Bands 3 and 4 caused inhibition, whereas the other bands did not. In this experiment, the cell number and assay volume were reduced by a factor of 2 and assayed with 1.25 cell equivalent of glycopeptide. Thus, the equivalent ratio of glycopeptides to cells was 2.5 compared to 5 in Fig. 2 A-C. Chromatography of the eluted gel bands on Bio-Gel P4 columns gave very sharp peaks for bands 2, 3, and 4 (Fig.  1C) , as opposed to the broad peak for the mixture (Fig. lA) , suggesting they may be homogeneous species (Fig. 1C) , and also removed any contaminating Tris borate from the gel. Gel-filtered bands 3 and 4 were tested separately and together for agglutination inhibition (Fig. 2E) . In this experiment, the amount of added glycopeptide was further reduced by a factor of 2, so that the equivalent ratio of glycopeptides to cells was 1.25. Bands 3 and 4 gave partial inhibition when added separately and almost complete inhibition when added together (where the equivalent ratio of glycopeptides to cells was 2.5). Bands 1, 2, and 5 did not inhibit when added at the same concentration (based on counts of eluted gel bands) as band 4 in this experiment (not shown).
Developmental Stage Specificity. The glycan fractions from each of the three developmental stages were tested against cells from the other two stages (Fig. 3) . None of these combinations showed the inhibition seen with 8-hr glycopeptides and 8-hr cells. Partial effects suggested in some cases in Fig. 3 were not reproducible observations; that is, they were obtained only once among several experiments. The only consistently reproduced result has been the inhibition of agglutination of 8-hr cells by 8- (22) and that digestion with a-mannosidase, alone of several glycosidases tested, reduced mutual cohesion between the amoebae (23) . Full structural analysis of the inhibitory glycopeptides, along with tests of effects of glycosidase digestions on their inhibitory capacity, is the next step in these studies.
We currently do not know what glycoproteins carry these glycans or might serve as receptors for them. Antibodies that block aggregation-stage cohesion have implicated two glycoproteins, a gp69-72 (10) and gp80 (8) . The latter has been most fully characterized. There are two types of glycans on gp80: N-linked oligosaccharides, at least some of which are sulfated, and a glycan that is either O-linked or in an unusual N-linkage (21) , which is eliminated in modB mutants (24) . The latter glycan is immunodominant and no antibodies specific for the N-linked sulfated glycans have been reported. Antibodies to the modB-dependent glycan inhibit EDTA-resistant agglutination (12) , and mutants lacking this glycan are severely impaired in EDTA-resistant agglutinability (24, 25) . However, such mutants do aggregate and produce apparently normal fruiting bodies. Similarly, a mutant lacking any gp8O peptide determinants has impaired agglutinability but develops normally (26) .
There are several possible interpretations of these results. One is that critical N-linked glycans are usually carried not only on gp8O but also on other cell surface glycoproteins. In this case, the loss of gp8O could make cohesion fragile under shear conditions in agglutination assays, but when cells aggregate on a two-dimensional unstirred surface the remaining glycans are sufficient. According to this model, gp8O is a carrier of these glycans rather than a receptor for them. Further, according to such a model, cohesion is not a single-component system but has multiple components, which reinforce each other. An alternative model is that gp8O is the receptor, and this is compatible with the report that a monoclonal antibody apparently against a peptide of gp8O can inhibit cohesion (7) . The glycoproteins that carry and bind these oligosaccharides have not yet been identified.
The major assay routinely used to monitor cohesion is based on agglutination of cells in shaken suspensions, and the degree of shear will obviously effect this measure.
Therefore, glycans that had no inhibitory effect may play a role in cohesion but one not observed in this assay. The assay is also limited in its ability to determine a precise role for implicated molecules. Cells in shaking suspension are presumably symmetrical and lack any substratum-induced cytoskeletal organization that could control the distribution and activity of membrane proteins. In real aggregation streams the EDTA-resistant contacts provide end-to-end (head-to-tail) cohesion, and the EDTA-sensitive sites provide lateral association of cells (27) .
To further analyze the role of these glycans in true aggregation, we have selected mutants with temperaturesensitive defects in oligosaccharide processing (28) . A number of these mutants are temperature sensitive for both aggregation and expression of EDTA-resistant agglutinability. Analyses of such mutants should help to clarify the exact contribution of glycans to aggregation-stage cohesion.
